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(57) ABSTRACT

An integrated microelectromechanical structure is provided
with: a die, having a substrate and a frame, defining inside
it a detection region and having a first side extending along
a first axis; a driving mass, anchored to the substrate, set in
the detection region, and designed to be rotated in a plane
with a movement of actuation about a vertical axis; and a
first pair and a second pair of first sensing masses, suspended
inside the driving mass via elastic supporting elements so as
to be fixed with respect thereto in the movement of actuation
and so as to perform a detection movement of rotation out
of the plane in response to a first angular velocity; wherein
the first sensing masses of the first pair and the first sensing
masses of the second pair are aligned in respective direc-
tions, having non-zero inclinations of opposite sign with
respect to the first axis.
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FIG. 1
(Prior Art)
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FIG. 3
(Prior Art)
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MICROELECTROMECHANICAL
GYROSCOPE WITH ROTARY DRIVING
MOTION AND IMPROVED ELECTRICAL
PROPERTIES

BACKGROUND

1. Technical Field

The present disclosure relates to a microelectromechani-
cal structure, in particular a biaxial or triaxial gyroscope,
provided with a rotary driving movement and improved
electrical characteristics, in particular in terms of sensitivity
in the detection of angular velocities.

2. Description of the Related Art

As is known, micromachining techniques enable manu-
facturing of microelectromechanical structures or systems
(MEMS) within layers of semiconductor material, which
have been deposited (for example, a polycrystalline-silicon
layer) or grown (for example, an epitaxial layer) on sacri-
ficial layers, which are removed via chemical etching.

Inertial sensors, accelerometers, and gyroscopes obtained
with this technology are having an increasing success, for
example, in the automotive field, in inertial navigation, or in
the field of portable devices.

In particular, known to the art are integrated gyroscopes
made of semiconductor material obtained with MEMS tech-
nology. These gyroscopes operate on the basis of the theo-
rem of relative accelerations, exploiting the Coriolis accel-
eration. When an angular velocity is applied to a mobile
mass that moves at a linear velocity, the mobile mass “feels”
an apparent force, referred to as “Coriolis force”, which
causes a displacement thereof in a direction perpendicular to
the direction of the linear velocity and to the axis about
which the angular velocity is applied. The mobile mass is
supported via springs that enable a displacement thereof in
the direction of the apparent force. On the basis of Hooke’s
law, the displacement is proportional to the apparent force,
in such a way that from the displacement of the mobile mass
it is possible to detect the Coriolis force and the value of the
angular velocity that has generated it. The displacement of
the mobile mass can, for example, be detected in a capacitive
way by determining, in resonance conditions, the variations
of capacitance caused by the movement of mobile elec-
trodes, fixed with respect to the mobile mass and combfin-
gered with fixed electrodes.

The published US patent applications US 2007/0214883,
US 2009/0064780, and US 2009/0100930, filed by the
applicant of the present application, disclose an integrated
microelectromechanical sensor with rotary driving move-
ment and sensitive to angular velocities of pitch, roll, and
yaw about respective axes of detection.

This microelectromechanical sensor comprises a single
driving mass, anchored to a substrate in a single central
point, and actuated with rotary motion about an axis passing
through the central point and orthogonal to the plane of the
driving mass. The movement of rotation of the driving mass
makes it possible to obtain in the plane of the mass two
components of driving velocity orthogonal with respect to
one another. Through openings are provided within the
driving mass, and corresponding sensing masses are
arranged in the through openings; the sensing masses are
enclosed in the overall dimensions of the driving mass, are
suspended with respect to the substrate, and are connected to
the driving mass via flexible elements. Each sensing mass is
fixed with respect to the driving mass during its rotary
motion, and has a further degree of freedom of movement as
a function of an external stress, in particular a Coriolis force,
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acting on the sensor. The flexible elements, thanks to their
particular construction, enable the sensing masses to per-
form a rotary movement of detection about an axis belong-
ing to the plane of the sensor, or alternatively a linear
movement of detection along an axis belonging to the plane
of the sensor, respectively, in response to a Coriolis accel-
eration acting in a direction perpendicular to the plane and
to a Coriolis acceleration acting in a direction belonging to
the plane. The movement of detection is in any case sub-
stantially decoupled from the movement of actuation of the
driving mass. This microelectromechanical structure, in
addition to being compact (in so far as it envisages a single
driving mass enclosing in its overall dimensions a number of
sensing masses), makes it possible to obtain with minor
structural modifications, a uniaxial, biaxial, or triaxial gyro-
scope (and/or possibly an accelerometer, according to the
electrical connections implemented), at the same time ensur-
ing an excellent decoupling of the driving dynamics from
the detection dynamics.

FIG. 1 shows an exemplary embodiment of a triaxial
microelectromechanical gyroscope, designated by 1, accord-
ing to the teachings contained in the aforesaid patent appli-
cations.

The gyroscope 1 is made in a die 2, comprising a substrate
2a made of semiconductor material (for example, silicon),
and a frame 24 defining inside it an open region 2¢; the open
region 2¢ overlies the substrate 2a, and is designed to house
detection structures of the gyroscope 1 (as described in
detail hereinafter). The open region 2¢ has a generally
square or rectangular configuration in a horizontal plane (in
what follows, plane of the sensor xy), defined by a first
horizontal axis x and a second horizontal axis y, fixed with
respect to the die 2. The frame 25 has sides that are
substantially parallel to the horizontal axes x, y. Contact
pads 2d (so-called “die pads™) are arranged along a side of
the frame 25, aligned, for example, along the first horizontal
axis X. In a way not illustrated, the die pads 2d enable
electrical contact from outside of the detection structures of
the gyroscope 1. The die pads 24 have an axis of symmetry,
in this case coinciding with the second horizontal axis y
(orthogonal to their direction of alignment), and are arranged
in equal number and in a specular way on opposite sides of
the second horizontal axis y.

In particular, the first and second horizontal axes x, y
correspond to a first axis of detection and to a second axis
of detection of the gyroscope 1 (more precisely, to a pitch
axis and to a roll axis), about which corresponding pitch and

— —
roll angular velocities €, and € , are detected.

In detail, the gyroscope 1 comprises a driving structure,
housed within the open region 2¢ and including a driving
mass 3 and a driving assembly 4.

The driving mass 3 has a generally circular geometry with
radial symmetry, with a substantially planar configuration
having a main extension in the plane of the sensor xy, and
a negligible dimension, with respect to the main extension,
in a direction parallel to a vertical axis z, forming with the
first and second horizontal axes x, y a set of three orthogonal
axes, fixed with respect to the die 2. For example, the driving
mass 3 has in the plane of the sensor xy basically the shape
of'an annulus, and defines at the center an empty space 6, the
center O of which coincides with the center of gravity and
the center of symmetry of the entire structure.

The driving mass 3 is anchored to the substrate 2a by
means of a first anchorage 7a set in an area corresponding
to the center O, to which it is connected through first elastic
anchorage elements 8a. In the example, the first elastic
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anchorage elements 8a depart, forming a cross, from the
center O, parallel to the first and second horizontal axes x,
y. The driving mass 3 is anchored to the substrate 2a by
means of further anchorages 75, set on the outside of the
same driving mass 3, to which it is connected by means of
further elastic anchorage elements 85. For example, the
further elastic anchorage elements 85 are of the folded type,
are four in number, and are set aligned in pairs along the first
and second horizontal axes x, y; accordingly, the further
anchorages 7b are arranged, in pairs, on opposite sides of the
driving mass 3 with respect to the empty space 6, at the ends
of a cross centered in the center O. The first and further
elastic anchorage elements 8a, 85 enable a rotary movement
of the driving mass 3 about an axis of actuation passing
through the center O, parallel to the vertical axis z and
perpendicular to the plane of the sensor xy.

The driving mass 3 has: a first pair of first through
openings 9a, 95, aligned in a diametric direction along the
first horizontal axis x (pitch axis), and set on opposite sides
with respect to the empty space 6; and a second pair of first
through openings 9¢, 9d, aligned in a diametric direction
along the second horizontal axis y (roll axis), and set on
opposite sides with respect to the empty space 6. In particu-
lar, each of the first through openings 9a-9d has in the plane
of the sensor xy the shape of a radial sector of an annulus,
having arc-shaped internal and external sides and radially-
extending lateral sides. In addition, the through openings 9a,
95 of the first pair are symmetrical with respect to the second
horizontal axis y, and the through openings 9¢, 94 of the
second pair are symmetrical with respect to the first hori-
zontal axis x. Moreover, the driving mass 3 has a pair of
second through openings 26a, 265, having in plan view a
substantially rectangular shape, aligned in a radial direction
(in the example of FIG. 1 in a direction inclined by 45° with
respect to the first horizontal axis x or the second horizontal
axis y), and having a main extension in the same radial
direction.

The driving assembly 4 comprises a plurality of driven
arms 10, extending externally from the driving mass 3 in a
radial direction and in such a way that they are set at equal
angular distances apart, and a plurality of first and second
driving arms 12a, 126, which extend parallel to, and on
opposite sides of, respective driven arms 10. Each driven
arm 10 carries a plurality of first electrodes 13, extending
perpendicular to, and on either side of, the same driven arm.
In addition, each of the first and second driving arms 12a,
124 carries respective second electrodes 14a, 145, which
extend towards the respective driven arm 10 and are comb-
fingered with the corresponding first electrodes 13. The first
driving arms 12a are arranged all on one and the same side
of the respective driven arms 10, and are biased all at one
and the same first voltage. Likewise, the second driving
arms 1256 are arranged all on the opposite side of the
respective driven arms 10, and are biased all at one and the
same second voltage. A driving circuit (not illustrated) is
connected to the second electrodes 144, 145 for applying the
first and second voltages and determining, by means of the
mutual and alternating attraction of the electrodes, an oscil-
latory rotary movement of the driving mass 3 about the axis
of actuation, at a given frequency of oscillation.

The gyroscope 1 further comprises a first pair of accel-
eration sensors with axis parallel to the vertical axis z, and
in particular a first pair of first sensing masses 16a, 165, set
within a respective first through opening 94, 956 so as to be
completely enclosed and contained within the overall
dimensions of the driving mass 3 in the plane of the sensor
xy. Each of the first sensing masses 16a, 165 has a shape
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corresponding to that of the respective through opening, and
consequently has, in a plan view, the general shape of a
radial annulus sector. In detail, each of the first sensing
masses 16a, 165 has a first portion 17, which is wider, and
a second portion 18, which is narrower (along the first
horizontal axis x), these portions being connected by a
connecting portion 19, which is shorter (in a direction
parallel to the second horizontal axis y) than the first and
second portions 17, 18, and consequently has a center of
gravity G located within the corresponding first portion 17.
In greater detail, the first portion 17 has an outer side that is
arc-shaped and concave, and radially-extending lateral
sides, and the second portion 18 has an outer side that is
arc-shaped and convex and radially-extending lateral sides,
aligned along the lateral sides of the first portion 17. Each of
the first sensing masses 16a, 165 is supported by a pair of
first elastic supporting elements 20, extending from the
connecting portion 19 to the driving mass 3, connecting
thereto, parallel to the second horizontal axis y. The first
elastic supporting elements 20 extend within recesses 21
provided on opposite sides of the corresponding first sensing
mass 16a, 165, at a distance from its center of gravity G. The
first elastic supporting elements 20 form torsional springs
which are rigid in regard to the rotary motion of the driving
mass 3 (so that the first sensing masses 16a, 165 follow the
driving mass 3 in its motion of actuation), and moreover
enable rotation of the first sensing masses about an axis of
rotation parallel to the second horizontal axis y and belong-
ing to the plane of the sensor xy, and hence their movement
out of the plane of the sensor xy (a movement that is not,
instead, allowed for the driving mass 3).

The gyroscope 1 further comprises a second pair of
acceleration sensors with axis parallel to the vertical axis z,
and in particular a second pair of first sensing masses 16¢,
16d, housed within the through openings 9¢, 9d, and com-
pletely enclosed and contained by the driving mass 3. The
first sensing masses 16¢, 164 are obtained from the rotation
through 90° of the first sensing masses 16a, 165 with respect
to the center O, and consequently the corresponding elastic
supporting elements 20 extend parallel to the first horizontal
axis x and enable rotation out of the plane of the sensor xy,
about an axis of rotation parallel to the first horizontal axis
X.

A pair of first and second sensing electrodes 22, 23 is set
underneath the first and second portions 17, 18 of each of the
first sensing masses 16a-16d. The first and second sensing
electrodes 22, 23 are made of polycrystalline-silicon regions
formed on the substrate 2a and having a substantially
trapezoidal shape and dimensions substantially correspond-
ing to those of the second portion 18. The first and second
sensing electrodes 22, 23 are separated, respectively, from
the first and second portions 17, 18, by an air gap, and hence
form, together with the first and second portions 17, 18,
respective sensing capacitors. The first and second sensing
electrodes 22, 23 are connected to a read circuit of the
gyroscope 1 (not illustrated) via the connection pads 2d.

The gyroscope 1 further comprises a pair of second
sensing masses 25a, 25b housed within the second through
openings 26a, 26b5. The second sensing masses 25q, 25b
have a generally rectangular shape with sides parallel to
corresponding sides of the second through openings 26a,
26b, are suspended with respect to the substrate 2a, and are
connected to the driving mass 3 via second elastic support-
ing elements 28. The second elastic supporting elements 28
depart, for example, from a point set approximately at the
center of the minor sides of the second sensing masses, in the
radial direction. In particular, the second elastic supporting
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elements 28 are rigid with respect to the motion of actuation
of the driving mass 3 (in such a way that the second sensing
masses 25a, 256 follow the driving mass 3 in its rotary
movement), and moreover enable a linear movement of the
respective second sensing masses in the aforesaid radial
direction. In addition, the second sensing masses 25a, 255
have prolongations 29 extending, for example, starting from
a point set approximately at the center of corresponding
major sides, in a direction orthogonal to the radial direction.
These prolongations 29 form sensing capacitors with plane
and parallel faces with fixed electrodes anchored to the
substrate, set facing, and parallel to, the same prolongations
29. For example, from each major side of each second
sensing mass 25a, 255 departs a respective prolongation 29,
which faces, and is set between, two fixed electrodes. In a
way similar to what has been described previously, the fixed
electrodes set in a radially more external position with
respect to the center O are defined as “first sensing elec-
trodes 227, and the fixed electrodes set in a radially more
internal position are defined as “second sensing electrodes
23~

In use, the gyroscope 1 is able to operate as a triaxial

gyroscope, and to detect a pitch angular velocity ﬁx about
—
the first horizontal axis x, a roll angular velocity £, about

the second horizontal axis y, and a yaw angular velocity ESZ
about the vertical axis z.

With reference also to FIG. 2, the rotary movement of the
driving mass 3 and of the first sensing masses 16a-16d about
the axis of actuation can be represented by a driving-velocity

vector Va, tangential to the circumference describing the
path thereof. In particular, the rotary motion about the first
horizontal axis x or the second horizontal axis y with angular

— — —
velocity €, £, causes a Coriolis force (designated by F)
acting on the entire structure, proportional to the vector

product between the angular velocity ESX, ﬁy; and the

driving velocity Va, and hence directed along the vertical
axis z. On the entire structure, considered as a single rigid
body, it is hence possible to identify a distribution of
Coriolis forces, the value of which increases as the distance
from the center O increases. The resultants of the Coriolis

force ﬁc acting on the first sensing masses 16a-164 at the
corresponding center of gravity G, cause rotation of the first
sensing masses, which move out of the plane of the sensor
Xy, about an axis parallel to the first horizontal axis x or the
second horizontal axis y and passing through the first elastic
supporting elements 20. This movement is allowed by the
torsion of the first elastic supporting elements 20. Instead,
the configuration of the first and further elastic anchorage
elements 8a, 85 is such as to inhibit, to a good approxima-
tion, the movement of the driving mass 3 out of the plane of
the sensor Xy, in this way enabling the effective decoupling
of'the motion of detection of the sensing masses with respect
to that of actuation. The displacement of the first sensing
masses 16a-16d out of the plane of the sensor xy causes a
differential capacitive variation of the sensing capacitors, the

—
value of which is proportional to the angular velocity Q_,

ﬁy, which can thus be determined, via an appropriate read
circuit, operating according to a differential scheme.

In particular, since the reading scheme is differential, the
configuration in pairs of the first sensing masses 16a-16d
enables automatic rejection of linear spurious accelerations
along the vertical axis z. In addition, a rotation about the first
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horizontal axis x is not felt by the second pair of first sensing

masses 16¢, 164, in so far as the resultant Coriolis force fc
is zero (since the vector product between the angular veloc-

ity ﬁx and the corresponding driving velocity 7a goes to
zero). Likewise, the rotation about the second horizontal
axis y is not felt for similar reasons by the first pair of first
sensing masses 164, 165 so that the two axes of detection are
not affected and are substantially decoupled.

—
With reference to FIG. 3, an angular velocity Q_ to be
detected, acting about the vertical axis z, generates a Corio-

lis force fc on the second sensing masses 25a, 255 set in a
radial direction (hence directed as a centrifugal force acting
on the same masses), causing displacement of the second
sensing masses and a capacitive variation of the correspond-
ing sensing capacitors. The value of the capacitive variation

is proportional to the angular velocity ESZ, which can be
determined, via the read circuit, operating again according to
a differential scheme.

Advantageously, the particular conformation of the first
sensing masses 16a-16d enables an increase in the sensitiv-
ity of the gyroscope 1 (as compared to the use of other
geometries for the same first sensing masses). In particular,
the corresponding center of gravity G is positioned at a
distance from the first elastic supporting elements 20 (and
the corresponding axis of rotation out of the plane of the
sensor Xy) that is greater than that of the center of gravity of
any rectangular mass that can be inscribed in one and the
same sector of the driving mass 3 and is supported by elastic
supporting elements extending along the same axis of rota-
tion. Consequently, it is possible to obtain a higher twisting
moment, and hence a greater movement of rotation out of
the plane of the sensor xy, and in this way obtains a higher
sensitivity of the sensor.

In addition, the presence of the further elastic anchorage
elements 8b, located outside the driving mass 3, enables
increase of the stiffness of the driving mass 3 in regard to the
movements out of the plane of the sensor xy, and so an
increase in the decoupling between the driving movement
and the movements of detection.

Even though the described gyroscope represents a con-
siderable improvement over other gyroscopes of a known
type, it is not altogether optimized in respect of manufac-
turing simplicity, size reduction, efficiency in terms of
electrical characteristics, and immunity to disturbance.

BRIEF SUMMARY

One embodiment is a microelectromechanical (MEMS)
gyroscope that is improved in regards to sensitivity to
external stresses and robustness in regard to disturbance.
The MEMS gyroscope includes a die, having a substrate and
a frame, where the frame has a detection region and a first
side extending along a first horizontal axis. The MEMS
gyroscope also includes a driving mass, anchored to the
substrate via elastic anchorage elements, set in the detection
region, and designed to be rotated in a plane with a move-
ment of actuation about a vertical axis, and a first pair and
a second pair of first sensing masses, suspended inside, and
coupled to, the driving mass via respective elastic support-
ing elements so as to be fixed with respect thereto in the
movement of actuation and perform a detection movement
of rotation out of the plane in response to a first angular
velocity. The first sensing masses of the first pair and the first
sensing masses of the second pair being aligned in respec-
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tive directions, having non-zero inclinations of opposite sign
with respect to the first horizontal axis.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

For a better understanding of the present disclosure,
preferred embodiments thereof are now described purely by
way of non-limiting example and with reference to the
attached drawings, wherein:

FIG. 1 shows a schematic top plan view of a microelec-
tromechanical gyroscope, of a known type;

FIGS. 2 and 3 show, respectively, a schematic lateral
cross-sectional view and a schematic top plan view, of parts
of the gyroscope of FIG. 1, in the presence of a Coriolis
force;

FIG. 4 shows a schematic top plan view of a microelec-
tromechanical gyroscope according to a first embodiment of
the present disclosure;

FIG. 5 shows a schematic top plan view of a second
embodiment of the microelectromechanical gyroscope;

FIG. 6 shows the schematic comparison between a por-
tion of the microelectromechanical gyroscope, in a further
variant embodiment thereof, and a corresponding portion of
a sensor; and

FIG. 7 shows a simplified block diagram of an electronic
device provided with the microelectromechanical gyroscope
according to the present disclosure.

DETAILED DESCRIPTION

As will be described in detail hereinafter, an aspect of the
present disclosure envisages providing a microelectrome-
chanical gyroscope having an arrangement of the sensing
masses such as to enable an increase in the sensitivity of the
sensor and in general an improvement of its electrical
characteristics.

As is shown in FIG. 4, where the same reference numbers
are used for indicating elements similar to others already
described with reference to FIG. 1, the microelectrome-
chanical gyroscope, here designated by 30, differs from the
gyroscope 1 of FIG. 1 substantially on account of a different
arrangement of the first sensing masses, here designated by
164'-16d', and of the second sensing masses, here designated
by 25a', 255"

In greater detail, the first sensing masses 164', 165" of the
first pair are aligned in a first diametric direction x,, inclined
with respect to the first horizontal axis x of the die 2 by an
angle of inclination o (considered in a counterclockwise
direction), the value of which is preferably 45°. Likewise,
the first sensing masses 16¢', 164" of the second pair are
aligned in a second diametric direction x,, substantially
orthogonal to the first diametric direction X, and inclined
with respect to the first horizontal axis x by the same angle
of inclination o (considered in this case in an opposite
direction, namely clockwise). The first sensing masses 16a'-
164" are consequently aligned in respective diametric direc-
tions, which are inclined with respect to the pitch and roll

axes, about which the pitch angular velocity ﬁx and the roll

angular velocity ﬁy are applied, and moreover inclined with
respect to the sides of the die 2 (and to the horizontal axes
X, y)-

In addition, the first sensing masses 164', 165" of the first
pair are symmetrical to corresponding sensing masses 164,
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16¢' of the second pair, with respect to the axis of symmetry
of the die pads 2d (coinciding with the second horizontal
axis y).

The second sensing masses 254, 256" are arranged in the
available space left free by the first sensing masses 16a'-
164", and are, for example, aligned along the second hori-
zontal axis y (as illustrated in FIG. 4). It may thus be noted
that the arrangement of the first and second sensing masses
in FIG. 4 derives, as compared to the arrangement of the
same masses of FIG. 1, from a counterclockwise rotation
through the angle of inclination a about the center O.

The present applicant has found that the aforesaid
arrangement of the first and second sensing masses 16a'-
164", 254', and 254' makes it possible to achieve a series of
advantages, amongst which a simplified connection of the
corresponding first and second sensing electrodes 22, 23
towards the die pads 2d.

In particular, a first processing channel in the electronic
read interface and corresponding electrical connections to
the connection pads 24 are associated to the first pair of first
sensing masses 16a', 164', whilst associated to the second
pair of first sensing masses 16¢', 164" are, in the same
electronic read interface, a second and distinct processing
channel, and corresponding electrical connections to the
respective connection pads 2d.

The present applicant has found that in the arrangement of
a known type shown in FIG. 1, the position of the first
sensing masses 16a-16d with respect to the connection pads
2d of the die 2 shows a marked lack of uniformity (as do the
corresponding electrical connections to the same connection
pads 2d). In fact, the two pairs of first sensing masses
16a-16d are mutually positioned in an asymmetrical way
with respect to the axis of symmetry of the connection pads
2d, thus calling for a different design of the electrical
connections for the two processing channels. Consequently,
the reading performance referred to the two axes of detec-
tion (of pitch and roll) may be different, and possibly must
be compensated for by the electronic read interface (which
is consequently more complex).

Instead, the arrangement described in FIG. 4 for the first
sensing masses 164'-164" with respect to the connection pads
2d makes it possible to obtain a substantial symmetry of the
electrical connections to the connection pads 24 for the two
processing channels (the two pairs of first sensing masses
are in fact set in an altogether symmetrical way with respect
to the axis of symmetry of the connection pads 2d). The
symmetry of the electrical connections enables considerable
advantages to be obtained in terms of uniformity in the
electrical characteristics (for example, in terms of active and
parasitic capacitances, or leakage currents) and robustness to
the spread of the parameters resulting from the manufactur-
ing process.

Advantageously, the arrangement described enables an
increase of the symmetry also of the electrical connections
referred to the second sensing masses 25q4', 2554, thus
leading to an increase of uniformity in the electrical char-
acteristics of the corresponding read electronics. In particu-
lar, the arrangement of the second sensing masses 254", 255'
guarantees a substantial symmetry of the overall structure
with respect to the axis of symmetry of the connection pads
2d, thus further simplifying the design of the electrical
connections.

FIG. 5 shows a variant embodiment of the gyroscope 30,
which differs from the one shown in FIG. 4 in so far as the
second sensing masses 25a', 254" are aligned along the first
horizontal axis X, instead of along the second horizontal axis
y. Also in this case, the same considerations made previously
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still apply. In particular, this configuration intuitively
enables a further increase in the symmetry of the detection
structure with respect to the axis of symmetry of the die pads
2d.

The present applicant has found that the aforesaid
arrangement of the first and second sensing masses 16a'-
164, 254", and 255" also optimizes exploitation of the space
available in the gyroscope for detection of the angular
velocity.

The area available for providing the detection structures,
coinciding with the open region 2¢ defined by the frame 25
of the die 2, in fact usually has a square shape (as is shown
in FIG. 4 and in FIG. 6) or a rectangular shape. The
arrangement of the first sensing masses 164'-164 in direc-
tions inclined with respect to the sides of the frame 26 and
to the horizontal axes X, y enables increase of the dimensions
and maximization of the sensitivity of the first sensing
masses, exploiting for detection the areas at a greater dis-
tance from the axis of rotation of actuation.

In greater detail, and as is shown in FIG. 6, which
represents in a simplified way just the area available (open
region 2¢) of the gyroscope 30 and a first sensing mass (for
example, the first sensing mass 16a'), the conformation of
the first sensing masses 16a'-164" can in this case be modi-
fied so as to improve exploitation of the space available in
a radial direction, until the internal edges of the frame 25 are
approached. In a way not illustrated, also the conformation
of the driving mass 3, within the overall dimensions of
which the sensing masses are housed, is in this case modi-
fied.

In particular, represented with a solid line is a variant
embodiment of the first sensing mass 164', having in this
case a generally rhomboidal shape extending towards an
internal edge of the frame 24 and its center of gravity G'
located at an arm b,/ from the first elastic supporting
elements 20. In FIG. 6, illustrated with a dashed line, purely
to facilitate a comparison between the different solutions, is
a first sensing mass of a traditional type (for example, the
first sensing mass 165 of FIG. 1), having the shape,
described previously, of a radial sector. The first sensing
mass 165 of a traditional type has its center of gravity G
located at an arm b, from the respective first elastic sup-
porting elements 20. Both of the first sensing masses illus-
trated are located at one and the same radial distance d
between the respective first elastic supporting elements 20
and the center O.

This comparison highlights the fact that the arm b of the
traditional sensing mass has a value visibly smaller than that
of'the arm b ' that can be obtained in the new configuration.
In particular, the increase of the distance of the center of
gravity G' of the first sensing masses 16a'-16d" from the

center O enables an increase in the driving velocity 7a felt
by the same first sensing masses (given the same angle of
rotation of the driving mass 3), and hence an increase in the
Coriolis force F, given that this force is directly propor-

tional to the driving velocity Va. In addition, since the
Coriolis force F ' is applied at a greater arm b/, the value
of the resulting twisting moment increases.

In addition, this configuration allows to have available a
greater surface for the sensing electrodes 22, 23. In general,
it is thus clear that this configuration enables, with appro-
priate design choices, a considerable increase in the sensi-
tivity of detection.

The present applicant has also found that the aforesaid
arrangement of the first and second sensing masses 16a'-
164, 254', and 256" makes it possible to obtain, using an
appropriate configuration of the electronic read interface, a
further increase in the sensitivity of the gyroscope 30.
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In detail, the gyroscope 30, shown in FIGS. 4 and 5, has
the peculiarity of having the axes of detection in the plane
of the sensor xy (coinciding with the first and second
diametric directions X, X, of alignment of the first sensing
masses 16a'-164") inclined by the angle o with respect to the
horizontal axes x and y about which the pitch angular

— —
velocity €2, and the roll angular velocity €, act.

Instead of envisaging assembly of the die 2 rotated by a
corresponding angle a at the level of package or board,
which would evidently make it possible to re-orient the axes
of detection according to the original directions of pitch and
roll (i.e., the horizontal axes x and y), a further aspect of the
present disclosure envisages to suitably combine at the
electronic read interface level the detection signals coming
from the first sensing masses 16a'-164". In particular, the
detection signals are combined so as to re-obtain, starting
from the capacitive variations associated to the displace-
ments of the first sensing masses 164'-164", voltage outputs
corresponding to the original pitch and roll directions (i.e.,
to the horizontal axes x and y).

In the case where the angular velocity to be detected about
the first horizontal axis x or the second horizontal axis y, a
unit value is considered for simplicity:

Q1%5,Q,-1%
and each pair of first sensing masses 16a'-164" has a unit
sensitivity S:

mV_S -1
CyPhee

mV
S, =1 o

Intuitively, in the case of a traditional configuration (for
example, of the type illustrated in FIG. 1, having first
sensing masses 16a-164 aligned along the horizontal axes x,
y), the following voltage values would be obtained at an
output from the electronic read interface:

v

outx

—1mVV,

outy

=1lmV

where V. is the output voltage corresponding to the first
pair of first sensing masses 16a, 165 aligned along the first
horizontal axis x, and V,_,, , is the output voltage corre-
sponding to the second pair of first sensing masses 16¢, 164
aligned along the second horizontal axis y (in the traditional
solution).

In particular, as described previously, an angular velocity
(of pitch or roll) about one of the horizontal axes x, y would
determine a capacitive unbalancing of a single pair of first
sensing masses 16a-16d (in particular the pair aligned about
the same horizontal axis).

Instead, in the new configuration illustrated in FIG. 4 or
in FIG. 5, an angular velocity (of pitch or roll) about one of
the horizontal axes x, y determines a capacitive unbalancing
of both of the pairs of first sensing masses 164', 165" and
16¢', 164, in so far as they are sensitive to the components
of'the angular velocities of pitch and roll along the diametric
directions x, and x,, and these components have a non-zero
value for both of the pairs. Given the same geometry and
distance from the center O of the first sensing masses
164'-164, in this case the following total output voltages for
the horizontal axes X, y are obtained:

1 1
Vourx = Vousl + Voursz = —=mV + —=mV = V2 mV

V2 V2
1 1
Vour,y = Vourxl + Vourna = me+ me =V2mv

whereV,, ., andV,,, . are the output voltages correspond-
ing to the first pair and, respectively, to the second pair of
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first sensing masses 16a'-164, aligned, respectively, in the
first and second diametric directions X, X,.

Consequently, although the capacitive unbalancing of the
single first sensing masses referred to a given angular
velocity is smaller by a factor 172 with respect to the
corresponding unbalancing in a traditional configuration, it
is possible to sum (via a purposely configured read interface)
the contributions of all four of the first sensing masses
referred to the same angular velocity, and obtain a global
increase in the sensitivity of the gyroscope 30 by a factor v2.

FIG. 7 illustrates an electronic device 40, which com-
prises the microelectromechanical gyroscope 30 described
previously. The electronic device 40 can advantageously be
used in a plurality of electronic systems, for example, in
inertial navigation systems, in automotive systems, or in
systems of a portable type, such as, for example: a PDA
(Personal Digital Assistant); a portable computer; a cell
phone; a digital audio player; a photographic camera or a
camcorder; or further systems capable of processing, stor-
ing, transmitting, and receiving signals and information.

The electronic device 40 further comprises: a driving
circuit 41, operatively coupled to the driving assembly 4 for
imparting the rotary driving movement to the driving mass
3, and supplying biasing signals to the microelectromechani-
cal structures; a read circuit 42, operatively coupled to the
sensing electrodes 22, 23 of the first and second sensing
masses, for detecting the amount of displacement of the
same sensing masses and hence determining the angular
velocities acting on the structure; and an electronic control
unit 44, for example, of a microprocessor type, connected to
the read circuit 42, and designed to supervise the general
operation of the electronic device 40, for example, on the
basis of the angular velocities detected and determined. In
particular, the read circuit 42 includes the aforesaid elec-
tronic read interface, designed to appropriately combine the
output signals corresponding to the individual first sensing
masses, in order to increase the sensitivity of detection, as
described previously.

The advantages of the microelectromechanical gyroscope
provided according to the present disclosure are clear from
the foregoing description.

In any case, it is once again emphasized that the configu-
ration of the sensing masses makes it possible to optimize
exploitation of the area available for detection, increase the
sensitivity of the sensor, and improve uniformity of the
electrical characteristics and the robustness of the system to
disturbance. More in general, this configuration allows
improving the characteristics and the electrical performance
of the microelectromechanical gyroscope.

Finally, it is clear that modifications and variations can be
made to what has been described and illustrated herein,
without thereby departing from the scope of the present
disclosure.

In particular, it is evident that the new configuration of the
first sensing masses can advantageously be provided for a
gyroscope that is only biaxial, i.e., not sensitive to yaw
angular velocity (and hence without the second sensing
masses 254", 25b').

For specific design requirements, the value of the angle o
may differ from the value described, and be, for example,
comprised between 40° and 50°. The angles of inclination of
the two pairs of first sensing masses 164'-164" with respect
to the first horizontal axis x may also not be the same, the
two pairs of first sensing masses having in any case opposite
inclination with respect to the first horizontal axis x, but in
this case no longer be symmetrical with respect to the second
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horizontal axis y. In addition, the two diametric directions X,
and x, may not be orthogonal to one another.

In addition, the die pads 2d can extend in a different
direction, for example, along the second horizontal axis y.

In a per-se known manner, the displacement of the sensing
masses can be determined with a technique different from
the capacitive one, for example, by detection of a magnetic
force.

In addition, the twisting moment for causing oscillation of
the driving mass with rotary movement can be generated in
a different way, for example, by means of parallel-plate
electrodes, or else by magnetic actuation.

More in general, it is evident that the configuration of
some structural elements of the gyroscope may be different.
For example, the driving mass 3 may have a shape different
from the circular one, such as a generally closed polygonal
shape, as likewise the shape of the frame 25 of the die 2 can
be different. Alternatively, it is possible to envisage a dif-
ferent arrangement of the first elastic anchorage elements of
the driving mass 3 (which must be in any case able to
perform decoupling of the driving mass from the motion of
detection), or of the second elastic supporting elements 28
(which must be in any case such as to enable the radial
movement of the sensing masses of the second type). In
addition, a different configuration of the sensing electrodes
associated to the sensing masses of the first and second types
can be envisaged.

The various embodiments described above can be com-
bined to provide further embodiments. All of the U.S.
patents, U.S. patent application publications, U.S. patent
applications, foreign patents, foreign patent applications and
non-patent publications referred to in this specification and/
or listed in the Application Data Sheet are incorporated
herein by reference, in their entirety. Aspects of the embodi-
ments can be modified, if necessary to employ concepts of
the various patents, applications and publications to provide
yet further embodiments.

These and other changes can be made to the embodiments
in light of the above-detailed description. In general, in the
following claims, the terms used should not be construed to
limit the claims to the specific embodiments disclosed in the
specification and the claims, but should be construed to
include all possible embodiments along with the full scope
of equivalents to which such claims are entitled. Accord-
ingly, the claims are not limited by the disclosure.

The invention claimed is:

1. A device, comprising:

a substrate;

a rectangular frame formed on the substrate, a first side of
the frame extending along a first axis and a second side
of the frame extending along a second axis that is
orthogonal to the first axis;

a driving assembly elastically coupled to the substrate and
positioned within the frame, at least a portion of the
driving assembly being configured to move in a plane;

a first pair of sensing masses coupled to the driving
assembly and positioned within the frame, the first pair
of sensing masses aligned with each other along a third
axis, the third axis being transverse to the first axis, the
first pair of sensing masses being configured to move
out of the plane to generate a first signal indicative of
rotation about the first axis and rotation about the
second axis;

a second pair of sensing masses coupled to the driving
assembly, the second pair of sensing masses aligned
with each other along a fourth axis, and the fourth axis
being orthogonal to the third axis, the second pair of



US 9,470,526 B2

13

sensing masses being configured to move out of the
plane to generate a second signal indicative of rotation
about the first axis and rotation about the second axis;
and

a read circuit coupled to the first pair of sensing masses
and the second pair of sensing masses, the read circuit
configured to detect rotation about the first axis based
on the first and second signals from the first pair of
sensing masses and the second pair of sensing masses,
respectively.

2. The device of claim 1 wherein the first pair of sensing
masses and the second pair of sensing masses have a
non-rectangular shape.

3. The device of claim 2 wherein each sensing mass of the
first pair of sensing masses and the second pair of sensing
masses includes an outermost point formed from an inter-
section of a first side and a second side, the first side being
substantially parallel to the first axis and the second side
being substantially parallel to the second axis.

4. The device of claim 1 wherein the rectangular frame
has a height from the substrate to a top surface of the
rectangular frame and the first pair of sensing masses are
suspended above the substrate by a distance, the height
being greater than the distance.

5. The device of claim 2, further comprising a central
anchor, each sensing mass of the first pair and the second
pair of sensing masses including a plurality outer edges, a
smallest one of the outer edges being closer to the central
anchor than the other outer edges.

6. The device of claim 2 wherein each sensing mass
includes at least five outer edges.

7. A device, comprising:

a substrate having a surface that includes a first axis and

a second axis perpendicular to the first axis;

a central anchor, the first axis and the second axis cross
each other at the central anchor;

a plurality of driving electrodes on the substrate;

a first pair of sensing masses positioned on opposite sides
of the central anchor, the first pair of sensing masses
being aligned with each other along a third axis that is
shifted approximately 45 degrees from the first axis;

a second pair of sensing masses positioned on opposite
sides of the central anchor, the second pair of sensing
masses aligned with each other along a fourth axis that
is shifted approximately 45 degrees from the first axis;
and

a read circuit coupled to the first and second pair of
sensing masses, the read circuit configured to detect
rotation about the first axis from signals from both the
first and second pair of sensing masses and to detection
rotation about the second axis from signals from both
the first and second pair of sensing masses.

8. The device of claim 7 wherein the plurality of driving

electrodes are positioned around the central anchor.

9. The device of claim 7 wherein each sensing mass of the
first pair and the second pair have a non-rectangular shape.

10. The device of claim 9 wherein each sensing mass
includes an outermost point spaced furthest from the central
anchor that is formed by an intersection of two edges.

11. The device of claim 10, further comprising a rectan-
gular frame including a first side that extends along the first
axis and a second side that extends along the second axis.

12. The device of claim 11 wherein a first one of the two
edges of each sensing mass is substantially parallel to the
first axis and a second one of the two edges is substantially
parallel to the second axis.
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13. A device, comprising:

a rectangular frame, the frame having a first side that
extends substantially parallel to a first axis and a second
side that extends substantially parallel to a second axis,
the second axis being transverse to the first axis;

a central anchorage, the first axis crosses the second axis
at the central anchorage;

a first pair of suspended sensing electrodes within the
frame, the first pair of sensing electrodes being aligned
with each other along a third axis that is at a non-zero
angle of inclination with respect to the first and the
second axis;

a second pair of suspended sensing electrodes within the
frame, the second pair of sensing electrodes being
aligned with each other along a fourth axis that is at a
non-zero angle of inclination with respect to the first
and the second axis; and

a read circuit configured to detect rotation about the first
axis in response to signals from both the first pair of
sensing electrodes and the second pair of sensing
electrodes.

14. The device of claim 13 wherein the non-zero angle of

inclination of the third axis is approximately 45 degrees.

15. The device of claim 14 wherein the non-zero angle of
inclination of the fourth axis is approximately 45 degrees.

16. The device of claim 13 wherein each suspended
sensing electrode of the first and second pair has a non-
rectangular shape.

17. The device of claim 16 wherein each suspended
sensing electrode of the first and second pair includes an
outermost point that is farther from the central anchorage
than any other part of the suspended sensing electrode.

18. The device of claim 13 wherein each suspended
sensing electrode of each of the first and second pair
includes a first non-rectangular portion and a second non-
rectangular portion, the first non-rectangular portion being
between the second non-rectangular portion and the central
anchorage.

19. The device of claim 18 wherein the second non-
rectangular portion has a larger area than the first non-
rectangular portion.

20. A device, comprising:

a rectangular frame, the frame having a first side that
extends substantially parallel to a first axis and a second
side that extends substantially parallel to a second axis,
the second axis being transverse to the first axis;

a first pair of suspended sensing electrodes within the
frame, the first pair of sensing electrodes being aligned
with each other along a third axis that is at a non-zero
angle of inclination with respect to the first and the
second axis, the first pair of sensing electrodes config-
ured to generate a first signal indicative of rotation
about the first axis and the second axis;

a second pair of suspended sensing electrodes within the
frame, the second pair of sensing electrodes being
aligned with each other along a fourth axis that is at a
non-zero angle of inclination with respect to the first
and the second axis, the second pair of sensing elec-
trodes configured to generate a second signal indicative
of rotation about the first axis and the second axis; and

a plurality of contact pads aligned along the first side of
the frame along the first axis, each of the first and
second pairs of sensing electrodes being coupled to the
plurality of contact pads.

21. The device of claim 20, further comprising a read

circuit configured to detect rotation about the first axis in
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response to the first signal and the second signal from the
first pair of sensing electrodes and the second pair of sensing
electrodes.
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